This paper presents a novel testbed capable of rotating a target to follow an arbitrary prescribed rotational trajectory, such as the tumbling motion of a satellite undergoing torque-free dynamics. This work is part of a larger research endeavor investigating technology applicable to autonomous rendezvous and docking with a tumbling satellite. This testbed provides unoccluded visibility of the target object for a large class of motions. An experimental platform with these capabilities is necessary for observing a realistically rotating target to test different sensors and motion estimation algorithms. Previous testbeds involve hardware that occludes the rotating payload or does not provide the desired flexibility of programmable motion.
The platform described here uses holonomic wheels to drive a spherical target along three independent axes. The verification experiments were based on physics simulation of torque-free motion, incorporating arbitrary target mass properties and angular momenta. The hardware design and software implementation are described and verification of the resulting motion is discussed.
Nomenclature
Vectors (all vectors expressed in contact point frame, defined in section IIB) 
I. Introduction

A. Motivation and Background
A need exists for a laboratory demonstrator that allows free rotational motion and can generate a specified trajectory, such as the torque-free trajectory of an on-orbit spacecraft, while still providing visibility of the payload.
Autonomous rendezvous and docking with a spacecraft in orbit is a current research interest with varied mission applications. Several missions have been conducted or are planned in the near future to test autonomous rendezvous capability. ETS-VII was launched by the National Space Development Agency of Japan in 1997 to conduct automated rendezvous and demonstrate robotic arm technology applicable to servicing. ETS-VII was the first unmanned spacecraft to perform autonomous rendezvous in orbit successfully.
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The Demonstration of Autonomous Rendezvous Technology (DART) was an ambitious attempt to perform autonomous orbit matching followed by proximity maneuvers around an obsolete communications satellite. The DART mission ended unsuccessfully, confirming the challenge of autonomous docking.
2 More recently, NASA and DARPA had success with Orbital Express performing autonomous docking and fuel/hardware transfer.
3 Both DART and Orbital Express used the Advanced Video Guidance Sensor (AVGS), a laser image sensor designed to detect a pattern of retroreflectors mounted on the target to determine relative pose. 4 Currently, DARPA is working on FREND (to be followed by SUMO) for further demonstration of estimation algorithms and end effector technology leading to autonomous capture of generic satellites not equipped with sensing targets or dedicated grapple points.
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Especially interesting is the problem of rendezvous with an uncooperative, tumbling target. Testing appropriate algorithms would be expensive and involve high risk, though. The National Research Council cited a lack of mature technologies as a primary reason for not recommending a robotic servicing mission to the Hubble Space Telescope. 6 Testing algorithms in a low-risk manner is challenging due to the difficulty of reproducing torque-free motion on Earth in a laboratory setting. Thus, need exists for a demonstrator capable of reproducing such motions for the development of technologies applicable to autonomous rendezvous.
The development of this hardware demonstrator was motivated specifically through previous research conducted by the authors. 7 In that work, the tumbling motion of a satellite undergoing torque-free dynamics was estimated in simulation using scanning range sensor data. A conceptual example of a planar, line scanning LIDAR sensing a satellite model in simulation is shown in Figure 1 . The two primary goals of the previous research were to develop an algorithm that could handle severe tumbling motion and that was not dependent on any specific sensor pattern or known target markers. The estimator developed in that paper was specifically designed to handle the problem of data smearing inherent to scanning measurements of a continuously moving target. That work motivated the need for a hardware platform capable of validating the simulation results.
B. Related Work
Many hardware platforms have been developed to produce freedom of motion in the three rotational degrees of freedom but most do not provide the visibility and flexibility of motion required to act as a target for observation by external sensors and validation of motion estimation algorithms.
A traditional instrument for producing three degree-of-freedom rotational motion is a gimbaled system such as a gyroscope. The low-friction bearings supporting the gimbals allow the central payload to rotate freely and demonstrate interesting dynamics. However, the gimbal frames generally occlude the rotating element in the center and would interfere with an external sensor, such as a camera or range sensor, attempting to observe the motion of the payload.
Some systems use a spherical payload in a hemispherical air bearing to create low-friction rotational motion. This type of system is more akin to the demonstrator discussed in this paper. However, with air-bearing systems, the simulation is dictated by the specific properties (i.e. inertias) of the payload. These systems are useful for authentic representations of physics, up to the accuracy limits presented by disturbance torques. Note that if a different motion were desired, a new sphere with different mass distribution would be necessary. Additionally, many of these systems require external infrastructure which is complicated to control and usually occludes the payload. A historical survey of air-bearing simulators is presented in Reference 8.
Another interesting testbed is a spacecraft simulator developed at Georgia Tech that rests on a hemispherical air bearing in the center of the chassis. 9 This hardware has been used for testing vehicle stabilization and control algorithms. However, the motion of this testbed is dictated by its inherent mass distribution like the spherical payloads discussed above. The range of motion is also limited to 30
• out of plane. These considerations would limit the effectiveness of this type of platform for use as a tumbling target for external sensors. 
C. Developed Solution
An image of the demonstrator discussed in this paper is shown in Figure 2 . The demonstrator developed drives a target using holonomic, or bidirectional, wheels to reproduce a specified trajectory. The holonomic wheels can drive the target along their axis but do not prevent the target from sliding laterally, i.e. they do not impede the motion commanded by the other wheels. A close up image of a wheel is provided in Figure  3 .
In the case of testing estimation algorithms for spacecraft rendezvous, the goal is to rotate the target actively such that it appears to be undergoing torque-free motion. Based on the dynamics of a rigid body, the evolution of orientation and angular rates over time can be calculated for a target with arbitrary mass/inertia undergoing torque-free motion. 10, 11 The testbed accurately reproduces the specified orientation time history, causing the target to tumble as though it had the specified mass properties and was in a torque-free environment. Since the motion is driven, a completely different scenario (different target inertia, angular momentum) can be programmed and tested immediately with no hardware change.
Note that the reproducible motions are not limited to torque-free. With a known forcing function, an appropriate time history of orientation and rates could be computed and programmed into the demonstrator.
II. Hardware
This section describes the geometry and capabilities of the hardware used to construct the testbed.
A. Target
The target for the demonstrator has a spherical component that provides the surface onto which the drive wheels can exert forces. Depending on the desired sensing system, the target may be a sphere itself or have differing amounts of spherical housing.
A basic sphere with some visual texture can be used to test vision based motion estimators (e.g. featurebased SLAM) that use a camera as a sensor. Alternatively, a target that has more interesting geometry could be suspended in the center of a hemispherical shell (see Figure 4) . This limits the motion to trajectories where the target does not "flip over." An example motion sequence is shown in Figure 5 .
The target used for validation in section V was a sphere 31 inches in diameter, weighing 32 pounds, made from 3/8 inch thick polyethylene (shown in Figure 2) .
B. Geometry
The base platform of the demonstrator consists of three frames, arranged axisymmetrically around the center of the base, that each support a wheel and transmission. The majority of the base was constructed with aluminum T-slot framing from 80/20.
12 The base geometry has a few adjustable dimensions that can be reconfigured to accommodate a range of target diameters. Each triangular frame can translate along the base rail and the motor/transmission can slide along the hypotenuse of each frame. By symmetrically adjusting the three frames, the demonstrator can handle targets between 16.7 and 32.7 inches (42.4 -83.0 centimeters) in diameter.
The base was designed such that the contact points of the wheels lie at specific points on the spherical target volume. The three contact points lie along orthogonal axes of a frame anchored at the geometric center of the target sphere. This specific geometry creates a natural frame of reference in which the angular velocity of the target can be represented. Since the contact points lie on the axes of this reference frame, it is a simple computation to determine the velocity of points on the spherical surface at the wheel contacts. This is fundamental for computing the appropriate motor commands necessary to drive the prescribed motion, described in Section IIIA.
C. Motors
The motors used to drive motion are Maxon EC45 brushless DC motors with GP52C 19:1 gearboxes. 13 This combination provides a maximum continuous speed of approximately 300 rpm and a maximum permissible speed of 630 rpm. Based on the ratio of radii for the wheel and sphere used in the trials presented here, this equates to continuous speeds of up to 58.7 rpm, approximately 1 rps, for the spherical target. At maximum permissible speed, the target would be rotating at 2.04 rps. Based on the nominal torque (i.e. maximum continuous torque) of the motor and the inertia of the spherical target, the demonstrator is theoretically capable of driving the target with an angular acceleration of 13.1 rad/s 2 . However, in practice, the maximum angular acceleration is more limited due to slip between the wheels and target surface.
III. Actuation
A. Motor Commanding
In order to simulate the motion of a spacecraft on-orbit, the testbed must reproduce the orientation and rates over time of an object undergoing torque-free motion. The prescribed angular velocity vector must be rectified via the hardware geometry to determine correctly the rate command for each motor. In other words, the goal is to find a mapping from the commanded body rates, ω, to the motor rates, m.
As mentioned in the section IIB, the contact points for the wheels lie on the spherical surface along the orthogonal axes of a reference frame anchored at the center of the spherical target. The instantaneous velocities at these contact points are the quantities of interest for computing the necessary motor rates. The contact points will be referred to as 1, 2, and 3 corresponding with the points along thex,ŷ, andẑ axes of the contact point frame respectively. Knowing the desired inertial angular velocity, these rates can be computed as follows:
The components of the desired inertial angular velocity represented in the contact point frame arē
The contact vectors, i.e. the directions the sphere surface will move with positive motor rotation, as represented in the contact point frame arec
Computing the translational velocities of the surface points at the wheel contacts,
Projecting the velocities onto their respective contact vectors,
The motor rate commands are equal to the velocity at the edge of the wheel, which is the same as the velocity of the surface point on the sphere at the wheel contact (the projected velocity just calculated), divided by the wheel radius.
The inverse transformation (i.e. from motor commands to target angular velocity) is
IV. Control
Variations in the target motion can be introduced by a variety of sources including inconsistencies in the spherical drive surface, slip between the wheels and the target, vibration in the base frame, geometric sizing errors, etc. These disturbances must be counteracted with an active control system, which is discussed in this section.
A. Architecture and Design
The basic feedback structure is shown in Figure 6 . The controller closes a feedback loop on orientation and delivers a rate command to the motors. The Maxon EPOS2 speed controller purchased with the motors has an internal control loop designed to produce a user specified rotational speed based on sensed information from the encoder and Hall sensor. The F block is the algebraic transformation computed from the base geometry in Equation 2. The controller has a feed-forward path, directly passing the known desired trajectory of ω into the motor (through the transformation F −1 ). This assumes the internal control loop for the EPOS2 speed controller has desirable, fast dynamics and allows the controller K to handle only the small errors in motion arising from disturbances.
The differencing of the commanded and measured quaternion orientation is not a simple subtraction, 14 thus the use of the ∆ symbol in the block diagram as opposed to the basic subtraction junction. The error quaternion, q ǫ , is the subsequent rotation that would be required to go from the measured orientation to the commanded. It is computed as follows:
Assuming the measured quaternion is the commanded orientation followed by an additional rotation due to noise or disturbances, q v ,
The error quaternion passed into the controller represents the opposite rotation, i.e. the rotation that would counteract the additional disturbance rotation,
This error quaternion is converted to an additional command, ∆ω, that is combined with the feed-forward nominal angular velocity.
Representing the quaternion in terms of its scalar component and complex vector part,
The quaternion rotation angle is α = 2 cos −1 (q ǫ0 )
The command ∆ω is proportional to the quaternion angle via the controller gain K 0 and is in the direction of the vector part of the quaternion.
This control system is implemented in Simulink R 15 and deployed on a Quanser QUARC R real-time target.
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B. Sensing
A self-calibrating multi-camera array is used to sense the true position of the target as it tumbles. The hardware consists of a six camera OptiTrack system from NaturalPoint. 17 The array tracks infrared reflective markers at a rate of 100 Hz. The specifications quote millimeter-level accuracy for marker tracking. By associating multiple reflective targets into groups, the system can track six degree-of-freedom position and orientation of rigid bodies. Orientation information is calculated and transmitted as a quaternion.
V. Testing and Results
The demonstrator is able to track a prescribed motion accurately. The control system proved to be imperative for achieving acceptable performance in motion command tracking. The control loop described in the previous section was run at 25 Hz during experimental demonstrations. The closed loop tracking performance, documented in Figures 9 and 10 , was significantly improved. The large vertical spikes were caused by measurement noise when the OptiTrack system incorrectly estimated the orientation of the rigid body for 1-2 time steps, usually due to reflector correspondence failure. This noise was low-pass filtered in the controller but the raw signal is shown in the plots for reference. The controller demonstrated favorable performance in recovering the tracked angles after these incorrect measurements were introduced, quickly reducing error within a few time steps. 
VI. Conclusion
There is a current need for a laboratory demonstrator that can freely rotate a target through a prescribed orientation trajectory while allowing external sensors to observe the rotating body. The platform discussed in this paper is able to drive a target through an arbitrary rotational trajectory, such as the torque-free dynamics of a tumbling spacecraft in orbit. For a large class of motions the target is unoccluded from above, allowing external sensors to take measurements such as images or ranges. Additionally, since the motion is driven, entirely different dynamics can be programmed with no change to the hardware. The demonstrator employs a control system that closes a feedback loop on the orientation using an external infrared camera array. The closed loop result was significantly better than the open loop performance. The system has been shown to track a programmed trajectory with approximately 0 mean and 1
• standard deviation error in Euler angles.
